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H I G H L I G H T S
• First-time simulation of experimentally measured N2O emissions from SHARON reactor.
• Dynamic reactor behaviour, including oﬀ-gas N2O and NO, was described.
• Modelling and simulation are powerful tools to identify N2O formation pathways.
• Comparison with experimental data allowed model structure identiﬁcation.







A B S T R A C T
This study deals with the potential and the limitations of dynamic models for describing and predicting nitrous
oxide (N2O) emissions associated with biological nitrogen removal from wastewater. The results of a three-week
monitoring campaign on a full-scale partial nitritation reactor were reproduced through a state-of-the-art model
including diﬀerent biological N2O formation pathways. The partial nitritation reactor under study was a
SHARON reactor treating the eﬄuent from a municipal wastewater treatment plant sludge digester. A qualitative
and quantitative comparison between experimental data and simulation results was performed to identify N2O
formation pathways as well as for model identiﬁcation. Heterotrophic denitrifying bacteria and ammonium
oxidizing bacteria (AOB) were responsible for N2O formation under anoxic conditions, whereas under aerated
conditions the AOB were the most important N2O producers. Relative to previously proposed models, hydro-
xylamine (NH2OH) had to be included as a state variable in the AOB conversions in order to describe potential
N2O formation by AOB under anoxic conditions. An oxygen inhibition term in the corresponding reaction ki-
netics was required to fairly represent the relative contribution of the diﬀerent AOB pathways for N2O pro-
duction. Nevertheless, quantitative prediction of N2O emissions with models remains a challenge, which is
discussed.
1. Introduction
Nitrous oxide (N2O), a potent greenhouse gas, can be formed and
emitted during wastewater treatment. Measurement data show large
variations in N2O emissions, both on a seasonal and diurnal scale [1,2].
Nitrous oxide can be formed biologically and chemically, an extensive
overview is given by Schreiber et al. [3]. N2O is an intermediate in the
heterotrophic denitriﬁcation pathway, which reduces nitrate over ni-
trite, NO, and N2O to N2 [4,5] (Fig. 1). Regarding the N2O formation by
ammonia oxidizing bacteria (AOB), two pathways are distinguished
(Fig. 1). The ﬁrst one concerns the formation of N2O as a side product of
the oxidation of hydroxylamine (NH2OH) to nitrite and is termed the
AOB direct pathway or hydroxylamine pathway. The second one
comprises N2O formation through the reduction of nitrite, which is
referred to as the AOB indirect pathway or nitriﬁer denitriﬁcation.
Chemical N2O formation reactions involve NH2OH, nitrite and nitroxyl
(HNO) [3,6].
Even though the fundamental mechanisms regarding N2O formation
are not yet known [3], a number of dynamic models describing N2O
formation have been put forward in literature and have proven useful
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tools to study N2O formation and emission from biological nitrogen
removal processes [7–9]. These models concern the heterotrophic
pathway [10,11], the AOB direct pathway [12,13], the AOB indirect
pathway [14–17] or combined pathways [18–20]. Domingo-Felez and
Smets [22] also considered abiotic N2O production. These models are
typically applied (i) to qualitatively identify the pathways contributing
to the N2O emissions [13,15,18,21,23,24] and/or (ii) to quantitatively
predict the N2O emissions from a treatment plant [7,18,20,25–27].
However, it is not always clear whether N2O formation pathways were
determined unambiguously, since parameters may not be uniquely
identiﬁable. Moreover, the reliability of quantitative predictions
through model simulation is often questionable because of the lack of
(independent) experimental data sets for model validation.
Innovative processes for biological nitrogen removal from waste-
water realize signiﬁcant savings in aeration energy and related CO2
emissions compared to conventional processes. One of these innovative
methods concerns partial nitritation, in which half of the ammonium is
oxidized to nitrite, followed by the combination of ammonium and
nitrite through the anammox pathway. The partial nitritation-anammox
pathway involves up to 63% savings in aeration energy, avoids the need
for external carbon source addition and leads to a lower sludge pro-
duction and minimal CO2 emissions compared to nitriﬁcation-deni-
triﬁcation over nitrate [28]. However, given that N2O can be emitted
during both conventional and innovative biological nitrogen removal
processes, a fair comparison between process options requires to in-
clude this strong greenhouse gas when calculating a plant’s carbon
footprint. In this light, Mampaey et al. [29] studied N2O formation and
emission from a full-scale partial nitritation reactor during a three-week
monitoring campaign on a full-scale SHARON partial nitritation re-
actor. In the SHARON process, nitriﬁcation of ammonium to nitrite
(nitritation) without nitrate formation is achieved by operating at re-
latively high temperature (about 35 °C) and maintaining a low aerobic
sludge retention time (SRT) of about 1.35 days by applying alternating
anaerobic and anoxic periods [30]. No biomass retention is applied, so
the SRT equals the hydraulic retention time (HRT). The SHARON pro-
cess operates without oxygen limitation; nitrite oxidation to nitrate is
prevented by the suppression of nitrite oxidizing bacteria (NOB), which
grow slower than AOB at high temperatures [30].
In this contribution, experimentally measured N2O emissions from a
SHARON partial nitritation reactor were simulated for the ﬁrst time.
Previous simulation studies on N2O emissions from partial nitritation
reactors based on actual experimental data [18,31] dealt with se-
quencing batch reactors (SBRs) in which partial nitritation is estab-
lished through oxygen limitation and operated at longer SRTs. The high
dilution rate applied to the SHARON process puts a selection pressure
upon the system for fast growing micro-organisms rather than for
micro-organisms with a high aﬃnity for substrate, which is the case in
processes with a long SRT and low substrate concentrations [30]. The
selection for diﬀerent micro-organisms, besides the diﬀerent operating
conditions (e.g. relatively high temperature, no oxygen limitation) as
such, makes that the behaviour of a SHARON partial nitritation process
in terms of N2O emissions may be diﬀerent from other (partial ni-
tritation) processes – even though it is diﬃcult to hypothesize in which
way. In order to investigate the N2O formation mechanisms, emissions
levels and dynamics for speciﬁc process conditions, dynamic models
describing N2O formation seem a valuable tool.
In this study, a dynamic state-of-the-art model including biological
N2O formation through various pathways, was applied to simulate and
analyse the full-scale experimental data of Mampaey et al. [29]. Besides
the ability of the model to describe the reactor concentrations in terms
of ammonium, nitrite and nitrate, particular attention was paid to the
possible reproduction of the observed oﬀ-gas N2O proﬁle through
various N2O formation pathways. First, a qualitative assessment was
performed to identify the possible formation mechanisms contributing
to the N2O emissions. Then, the model was calibrated in a pragmatic
way and its ability to predict the N2O emissions in a quantitative
manner was investigated.
2. Materials and methods
2.1. Full-scale monitoring data
A three-week monitoring campaign was performed on the full-scale
(1500m3) SHARON partial nitritation reactor in Rotterdam, the
Fig. 1. Overview of biological nitrogen conversion reactions considered in this study. The reaction numbers ri refer to Table A.2 and Table A.3. N2O production takes
place through the AOB direct pathway (r4) or the AOB indirect pathway (r5). N2O can be produced (r12) or consumed (r13) during heterotrophic denitriﬁcation.
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Netherlands [29]. This reactor is part of the sludge handling facility of a
municipal wastewater treatment plant and treats the eﬄuent from
anaerobic sludge digestion, i.e., reject water. The eﬄuent from the
SHARON reactor contains ammonium and nitrite in about equimolar
concentrations and is fed to an Anammox reactor. More details on the
treatment plant are given by [32,33].
The data of the three-week monitoring campaign [29] consists of
standard operation cycles as well as dedicated experiments concerning
prolonged aeration, prolonged anoxic conditions, lowered dissolved
oxygen (DO) conditions and shortened cycles. The standard operation
cycles (i.e., ‘normal operation’) are 2 -h cycles consisting of an aerated
period (DO set point =2 g O2. m-3) and a non-aerated period, to keep a
constant aerobic retention time of about 1.35 days despite the varying
inﬂuent ﬂow rates. The SHARON reactor inﬂow rate varied between 0
(no ﬂow) and 41m3. h−1 but is relatively constant during individual
cycles. The average inﬂuent ﬂow rate during standard operation was
30m3. h−1, which corresponds with an average aerobic period of
78min per cycle. The inﬂuent total ammonium (TNH) concentration
varied between 1050 and 1500 g N.m-3, with a load-average value of
1240 g N.m-3. Besides, the inﬂuent contained a biodegradable organic
carbon content of about 100 g BOD.m-3. The prolonged aeration ex-
periment (day 15–16) comprised 22.8 h of continuous aerobic condi-
tions (with DO set point =2 g O2. m-3), which is equivalent with the
duration of 11 cycles. Prolonged anoxic conditions (day 12) lasted
180min, which is about 6 times longer than in standard operation cy-
cles. Lowered DO concentrations of 0.6 and 1 g O2. m-3 were obtained
on day 8 and 9, respectively. A total of 21 shortened cycles, in which
the total cycle duration was halved to 1 h, were applied on day 7. The
routine measurements, dedicated gas phase analyses and the calcula-
tion of N2O emission and formation rate for normal operation as well as
during the dedicated experiments are detailed in [29].
During the ﬁrst days of the monitoring campaign, there was biomass
washout due to scum formation. From day 6 onwards, the reactor re-
turned to its normal operating conditions; this period was considered
for the quantitative and qualitative comparison between the simulation
results and the experimental data. Over this ‘normal operation’ period
(days 6–14 and 17–24), N2O emissions amounted to 3.7% of the N-load,
as determined through continuous oﬀ-gas analysis related to inﬂuent
ﬂow (continuous) and concentration (daily grab samples) measure-
ments [29]. The anoxic N2O formation was responsible for 66% of the
N2O emission, even though the anoxic period only accounted for 36% of
the time [29].
2.2. Modelling the SHARON reactor – biological conversions
The full-scale SHARON reactor under study was described in detail
by Mampaey et al. [29]. All relevant reactor features were included in a
dynamic model, consisting of mass balances for both the liquid phase
and the gas phase, including gas-liquid interphase transfer. Dynamic pH
calculation was considered as well, using a charge balance approach
[34]. An overview of the biological conversion reactions, taking place
in the liquid phase, is given in Appendix A.1. The liquid phase and gas
phase mass balances as well as the physicochemical model features are
detailed in Appendix A.2. The model was implemented in the Matlab-
Simulink simulation environment.
The dynamic simulation model considers biological conversion re-
actions by ammonium oxidizing bacteria (AOB), nitrite oxidizing bac-
teria (NOB) and heterotrophic bacteria (Fig. 1). The state variables of
the model are listed in Table A.1. The stoichiometric matrix and reac-
tion rates are summarized in Table A.2 and Table A.3, respectively.
Biological oxidation of ammonium to nitrite was described through
three subsequent reactions considering NH2OH and NO as inter-
mediates (r1 →+NH NH OH: 4 2 ; r2 →NH OH NO: 2 ; r3 → −NO NO: 2 ),
based on Pocquet et al. [19]. Total inorganic carbon (TIC) was added as
a state variable to describe CO2 uptake during biomass growth, which
aﬀects pH. The direct pH eﬀect on the reaction rates described by Van
Hulle et al. [35] was taken into account as in Volcke et al. [36], to
prevent unrealistically low pH values. These additions to the model of
Pocquet et al. [19] were required because of the relatively high pH
variations which take place in a SHARON reactor, resulting from the
high inﬂuent ammonium concentration and the low buﬀer capacity
inside the reactor. N2O formation by AOB was described as in Pocquet
et al. [19], via the AOB direct pathway (reaction r4
+ → +
−NH OH NO N O NO: 2 2 2 :) and the indirect pathway (r5
+ →
−NH OH NO N O: 2 2 2 ). In the AOB indirect pathway (r5), conversion
of nitrite to N2O is assumed without considering NO as an intermediate.
NO accumulation is indeed not expected during the AOB indirect
pathway, in contrast to the AOB direct pathway [19]. For the AOB in-
direct pathway, the possible suppression by dissolved oxygen was
modelled through a non-competitive inhibition term, as in Ni et al.
[16]. This approach was compared to a reaction rate without oxygen
inhibition (Table A.3). Possible HNO2 inhibition on the AOB indirect
pathway (r5) as in Ni et al. [18] was not taken up explicitly but lumped
(during calibration) in the value of parameter qAOB N O ND, 2 , .
Biological nitrite oxidation was modelled as a single reaction (r7
→
− −NO NO: 2 3 ) [10]. Six reactions are considered for heterotrophs,
namely aerobic growth (r9: →S XS HET), 4-step denitriﬁcation (r10
→
− −NO NO: 3 2 ; r11: →−NO NO2 ; r12: →NO N O2 ; r13: →N O N2 2) and
hydrolysis of slowly biodegradable COD (r15: →X SS S) [10]. The loss of
active biomass is modelled as decay for AOB (r6), NOB (r8) and het-
erotrophs (r14) [10].
2.3. Research approach – simulation set-up
The research approach followed in this study is summarized in
Figure A.5 and further detailed below.
2.3.1. Overall reactor performance
In order to assess the capability of the model to simulate the overall
reactor performance in terms of nitriﬁcation eﬃciency conversion,
oxygen concentration and pH proﬁle, the dynamic reactor behaviour
was ﬁrst simulated without considering N2O formation and deni-
triﬁcation (by deactivating reactions r4, r5, r10-r13 in Table A.4). The
aeration ﬂow rate QG,in (in Eq. A.5, Appendix A.2) was known from the
supervisory control and data acquisition system (SCADA) system of the
plant. The α-factor in the expression for the oxygen transfer rate (Eq.
A.4) was then calibrated manually based on visual comparison between
the simulated and measured DO in the reactor during prolonged con-
tinuous aeration on day 16.
2.3.2. Qualitative assessment of N2O formation pathways
The possible N2O formation pathways were implemented separately
in the model to assess their ability for predicting the N2O formation
under aerobic and anoxic conditions. This was by activating the reac-
tions for every pathway individually, besides the reactions describing
the overall reactor performance: reactions r10-r13 for the heterotrophic
denitriﬁcation pathway; r4 for the AOB direct pathway; reaction r5 with
rate ρ5a for the AOB indirect pathway without O2 inhibition; reaction r5
with rate ρ5b for the AOB indirect pathway with O2 inhibition. Default
model parameter values from literature [10,19] were applied ﬁrst.
2.3.3. Model calibration and validation
Model calibration concerning the N2O formation pathways was
performed based on the average anoxic N2O formation rate of the
normal operation cycles on days 6–14 (excluding the shortened cycles
and lowered DO experiments on day 7, 8 and 9, each time the single
following cycle was also excluded to ensure recovery to normal op-
eration) and on the steady-state oﬀ-gas N2O concentration of the pro-
longed aeration experiment (days 15 and 16).
Model validation was performed by comparing the simulations with
the experimental data for independent data sets: the normal operation
cycles not yet used for calibration (day 17–24), the shortened cycles
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experiment (day 7) and the lowered DO experiments (days 8 and 9).
3. Results and discussion
3.1. Overall reactor performance
Based on visual comparison between the simulated and measured
DO in the reactor during prolonged continuous aeration on day 16
(Fig. 2), a value of α=0.75 for the correction factor in the expression
for the oxygen transfer rate was found to give the best ﬁt and was
applied for all simulations. The resulting oxygen transfer coeﬃcient
(Eq. A.4) amounted to k aL O2=147 d−1 on average. This value diﬀers
only 16% from the k aL O2 estimation from measurement data,
k aL O2=127 d−1 [29], demonstrating that the chosen value of α was
adequate.
The simulated reactor performance (from day 6 onwards) in terms
of ammonium conversion was very close to the experimentally mea-
sured one (Fig. 2; average conversion 58% and 57%, respectively). The
nitrite concentrations were on average 11% higher in the simulations
compared to the experimental data. In the simulations, no biological
nitrate formation was found, whereas the experimental data showed
low nitrate concentrations, between 4 and 35 g N.m−3. Since the
aerobic SRT in practice is set to a value which is expected to lead to
NOB wash-out, their inﬂuence can normally be neglected. The mea-
sured (low) nitrate concentrations are more likely due to chemical
oxidation of nitrite, as high nitrite concentrations are present and the
pH in the reactor is low [37]. The simulation study also conﬁrmed that
one grab sample per day is adequate to capture the changes in con-
centration of TNH, TNO2 and −NO3 in the reactor, due to the smooth-
ening capacity of the reactor (the hydraulic retention time was over 2
days). The short-term ﬂuctuations for DO and pH follow the cyclic
operation of the SHARON reactor, with alternating aerated and non-
aerated periods. The reactor pH was reproduced well, given that pH is a
very sensitive parameter as virtually all buﬀer capacity (in the form of
bicarbonate) is depleted once about half of the ammonium is converted
to nitrite [38]. As a consequence, small variations in ammonium or
nitrite conversion provoke a measurable pH eﬀect, which in turn aﬀect
the biological conversion rates through substrate availability and in-
hibition eﬀects [39].
Fig. 2. Overall reactor performance not considering N2O formation in the model: dynamic liquid phase proﬁles for dissolved oxygen (DO), total ammonium (TNH),
total nitrite (TNO2) and nitrate concentrations, and pH.
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3.2. Qualitative assessment of N2O formation pathways
The cyclic aerobic-anoxic reactor operation resulted in a typical oﬀ-
gas N2O proﬁle observed during aerated periods, consisting of a peak
emission at the start of aeration and a subsequent decrease, related to
dissolved N2O accumulation and stripping ([29]; Figures A.1-A.4).
Table 1 summarizes the simulation results for each pathway and its
ability to qualitatively describe the measurement data.
Anoxic N2O formation takes place in case of incomplete hetero-
trophic denitriﬁcation. Anoxic N2O formation is also predicted by the
AOB indirect pathway models (with or without DO inhibition). For the
AOB indirect pathway, N2O formation under anoxic conditions is
caused by the conversion of nitrite with NH2OH that has accumulated
under aerated conditions. The AOB direct pathway cannot describe the
anoxic N2O formation, as it requires NO, which is formed by AOB under
aerobic conditions (r2) but which is less soluble than NH2OH and
therefore less likely to still be present under anoxic conditions - it is
either converted or stripped.
The aerobic N2O formation rate was unambiguously observed as
constant during the prolonged aeration experiment, through a constant
N2O oﬀ-gas concentration [29]. Such constant oﬀ-gas N2O concentra-
tion was simulated with the AOB direct pathway model (Figure A.2)
and with the AOB indirect pathway without DO inhibition term (Figure
A.3). For the AOB indirect pathway without DO inhibition, the N2O
formation rate is directly related to the NH2OH concentration. Given
that the formation of NH2OH requires O2 [40] (r1 in Table A.2), its
concentration will always be higher under aerobic conditions than
under anoxic conditions and so will the N2O formation rate, which
contradicts the experimental observations [29]. Taking up a DO in-
hibition term in the AOB indirect N2O production pathway results in a
signiﬁcant decrease of the aerobic N2O formation. This indicates the
need to take up DO inhibition in the indirect pathway, at least if it plays
a signiﬁcant (quantitative) role, which cannot yet be concluded at this
point. While N2O formation through heterotrophic denitriﬁcation and
through the AOB indirect pathway with DO inhibition is inhibited
during aeration, it is not negligible. The contribution of the latter two
pathways to aerobic N2O formation will increase at decreasing DO
concentrations, as conﬁrmed by Wang et al. [31] for partial nitritation
in an SBR. The contribution of heterotrophic denitriﬁcation and the
AOB indirect pathway to aerobic N2O formation will also increase for
decreasing DO inhibition, i.e., lower values of the inhibition constants
KI,O,HET and KI,O,AOB, respectively.
Chemical reaction of NH2OH with HNO2 to N2O was assumed to be
small [41], if occurring it would be lumped in the biological N2O for-
mation pathway during model calibration. Chemical reduction of nitrite
with Fe2+ to NO and N2O [42] was also not a major contributing factor
of the anoxic N2O formation, as the experimental NO concentration
under anoxic conditions became zero, in contrast with the signiﬁcant
accumulation of NO measured in the study of Kampschreur et al. [42].
Overall, the simulation results obtained with the non-calibrated
models describing individual N2O formation pathways indicated that
anoxic N2O formation could be caused by heterotrophic denitriﬁcation
and the AOB indirect pathway, while aerobic N2O formation could be
described by the AOB direct pathway or the AOB indirect pathway,
provided the latter is not too much inhibited by oxygen.
3.3. Model calibration – estimation of qAOB N O ND, 2 , and qAOB N O NN, 2 ,
First, the anoxic N2O formation rate was calibrated to match the
average anoxic N2O formation rate of all normal operation cycles in
period of day 6–14, being 33 g N.min−1 [29]. Anoxic N2O formation
could be caused by heterotrophic denitriﬁcation or by the AOB indirect
pathway (see qualitative assessment above – Table 1). However, in this
case, the biodegradable organic carbon content of the inﬂuent (BOD,
100 g.m-3) was insuﬃcient for heterotrophic denitriﬁcation to account
for all the N2O formed under anoxic conditions. Based on stoichiometric
grounds, heterotrophic denitriﬁcation could explain only an anoxic N2O
emission factor (EF) of 1.1% while the N2O formation under anoxic
conditions was responsible for an EF of 2.6% [29]. The simulation re-
sults in this study, applying the heterotrophic denitriﬁcation model of
Hiatt and Grady [10] with default parameters, conﬁrmed that hetero-
trophic denitriﬁcation was responsible for only part of the anoxic N2O
formation, accounting for an EF of 0.6% on average. The remainder of
the anoxic N2O formation could only be explained by the AOB indirect
pathway.
It is important to point out that a signiﬁcant contribution of the AOB
indirect pathway (autotrophic denitriﬁcation) to N2O formation under
anoxic conditions can only be modelled by explicitly considering
NH2OH as a state variable. N2O formation by the AOB indirect pathway
under anoxic conditions could not be described with the early model of
Mampaey et al. [15] since it did not explicitly consider NH2OH as an
intermediate.
The saturation terms for both NH2OH and HNO2 in the AOB indirect
pathway reaction rate (r5, Table A.3) were near unity, which implies
that the parameters KNH2OH,AOB and KHNO2,AOB were insensitive. As a
result, the parameter qAOB,N2O,ND, which denotes the substrate uptake
rate in gN.gCOD−1.d
−1 (corresponding with the stoichiometric coeﬃ-
cient -1 for NH2OH in Table A.2), was chosen for calibration. This
parameter was also put forward as a key calibration parameter by Ni
and Yuan [7]. The parameter qAOB,N2O,ND was calibrated considering the
heterotrophic denitriﬁcation pathway at the same time to yield a
combined anoxic N2O formation rate equal to the average value of the
anoxic N2O formation rate of the normal operation cycles of day 6–14,
which was achieved for =q 0.3664AOB,N2O,ND gN.gCOD
−1.d
−1. The same
parameter value was kept to simulate aerobic N2O formation.
In case no oxygen inhibition term was considered for the AOB in-
direct pathway, this resulted in an overestimation of the aerobic N2O
formation (Figure S3), shifting the oﬀ-gas proﬁle up. This could not be
alleviated by changing other parameter values. When including the O2
inhibition term, the AOB indirect pathway could describe the anoxic
N2O formation without a too high aerobic N2O emission (Figure A.4,
applying the same value =q 0.3664AOB,N2O,ND gN.gCOD
−1.d
−1 as for
Figure A.3). These results clearly indicate the need to include a DO
inhibition term in the kinetic expression for N2O production through
the AOB indirect pathway. The eﬀect of oxygen inhibition on the AOB
indirect pathway was earlier assessed by Guo and Vanrolleghem [17],
however their data did not allow model discrimination.
Because of the uptake of an oxygen inhibition term in the AOB in-
direct pathway and the associated kinetic parameters being ﬁxed, the
aerobic N2O formation was mostly caused by the AOB direct pathway
and could be calibrated independently. Given that both the saturation
terms for NH2OH and NO for the AOB direct pathway (r4, Table A.3)
Table 1
Ability of the diﬀerent N2O formation pathways to qualitatively describe the N2O formation observed by [29] in the full-scale reactor under study.
Pathway →
↓ Reactor conditions




Aerobic Negligible (more important for higher KI, O,HET) Yes Yes Negligible
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were near unity, the substrate uptake rate qAOB,N2O,NN was adjusted to
increase the aerobic N2O formation rate. Its value =q 0.0288AOB,N2O,NN
gN.gCOD−1.d
−1 was calibrated based on the prolonged aeration ex-
periment (day 16, Figure A.2), as the inﬂuence of the N2O formed under
anoxic conditions on the oﬀ-gas proﬁle becomes negligible after a
suﬃcient long period [29]. To ﬁt the oﬀ-gas NO proﬁle, the value of the
half-saturation constant for NO (KNO,AOB,HAO) for the nitrite formation
(r3, Table A.4) was increased to 0.002 g N.m-3 (cfr.
KNO,AOB,HAO=0.0003 g N.m-3 in [19]). As the saturation term of NO for
the AOB direct pathway was already near unity, it was not necessary to
re-calibrate parameter qAOB,N2O,NN.
Fig. 3. Model calibration results considering all biological pathways for N2O production. From top to bottom: N2O and NO concentrations in the gas phase, pH,
dissolved oxygen, N2O and NH2OH concentrations in the liquid phase. Left: Normal operation cycle; Middle: Prolonged anoxic conditions experiment; Right:
Prolonged aeration experiment.
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3.4. Calibrated model performance
The simulation results for the calibrated model are shown in Fig. 3,
depicting a normal operation cycle, a period with prolonged anoxic
conditions and the prolonged aeration experiment. The NO concentra-
tion proﬁle in the gas phase is well described by the model, comprising
an fast increase at the start of aeration, as O2 is required for its for-
mation, followed by a level-oﬀ to a constant value. When the aeration is
turned oﬀ for a longer period (prolonged anoxic conditions), the NO
concentration goes to zero, since it is no longer formed aerobically (r2)
and does not accumulate during denitriﬁcation (apparently, r12 is al-
ways faster than r11).
Including the calibrated N2O formation pathways in the model has a
negligible eﬀect on the reactor performance in terms of ammonium,
nitrite and nitrate concentrations (Fig. 4). The calibrated model simu-
lates a TNH conversion of 60%, which is slightly higher than when no
N2O formation was considered (58%) and compared to the measured
data (57%). The nitrite concentration was lower than in case N2O for-
mation and denitriﬁcation were not considered (Fig. 2) but still 7%
higher than the measurement data – even though this diﬀerence is small
and could be considered to fall within the experimental/measurement
uncertainty. The lower simulated nitrite concentration compared to the
case without N2O formation can be explained because all three N2O
formation mechanisms lead to a direct or indirect decrease of the nitrite
concentration. Indeed, in the heterotrophic denitriﬁcation pathway,
nitrate is subsequently reduced to nitrite, NO, N2O and N2. In the AOB
direct pathway, NH2OH is partly converted to N2O (r4) instead of all to
nitrite (r2-r3). In the AOB indirect pathway, nitrite is converted with
NH2OH to N2O. The pH proﬁle is well captured by the simulations,
however some oﬀ-set is observed, which is attributed to small diﬀer-
ences in conversion.
The simulated NH2OH proﬁle (Fig. 3) shows accumulation of
Fig. 4. Simulated reactor performance with the calibrated model; A. oﬀ-gas N2O concentration; B. dissolved oxygen (DO) concentration; C. total ammonium (TNH)
and total nitrite (TNO2) concentrations; D. nitrate concentration; E. pH. Period 7–16 days was used for model calibration, the subsequent week (days 17–24) concerns
model validation.
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NH2OH during aeration due to faster NH2OH formation (r1) than con-
sumption (through mainly r2 and r4; r5 being less important under
aerobic conditions), characterized by a particularly steep increase
during the ﬁrst 15–20min. Under anoxic conditions, NH2OH was con-
sumed via the AOB indirect pathway (r5), resulting in N2O formation.
The peak N2O emission at the start of aeration is mainly due to stripping
of N2O which accumulated during anoxic conditions. During the pro-
longed anoxic conditions, the NH2OH concentration did not yet reach
zero, showing a potentially high anoxic N2O formation capacity.
However, these results should not be considered fully quantitatively as
the NH2OH concentration was not calibrated.
A fully quantitative determination of the relative contribution of
each formation mechanism to the overall N2O formation considering
the given experimental data (without isotope labelling) is diﬃcult.
Indeed, the uncertainty associated with biological and mass transfer
parameters aﬀects the N2O emission estimates [24,43]. Overall, since
heterotrophic denitriﬁcation was limited by inﬂuent organic carbon in
this study, the AOB were the main contributor to the N2O emissions
through the AOB indirect pathway under anoxic conditions. In com-
parison, for a partial nitritation reactor with non-limiting inﬂuent or-
ganic carbon, Wang et al. [44] and Gabarro et al. [45] found that the
majority of the N2O emissions was related to N2O formation by het-
erotrophs.
3.5. Model validation
During the period used for model calibration, i.e. days 7–16 (normal
operation followed by prolonged aeration experiment on day 16,
Fig. 4), the model adequately captured the oﬀ-gas N2O proﬁle. This was
expected as the normal operation cycles of this period and the pro-
longed aeration experiment were used to calibrate the model. However,
in the subsequent period (day 17–24), the oﬀ-gas N2O concentration
was underpredicted. The simulated N2O EF was 3%, while the mea-
surement data corresponded with an EF of 3.7%. The underprediction
of the EF could not be related to nitrous acid limitation associated with
the diﬀerence in pH between simulations and experiment, given that
the HNO2 concentration was at least 25 times higher than the half sa-
turation constant KHNO AOB,2 .The cause of the discrepancy was further
investigated for the validation cycles under concern (Fig. 5).
The oﬀ-gas NO proﬁle and the DO proﬁle were captured quite well
for all cycles displayed in Fig. 5. The oﬀ-gas N2O proﬁle was quanti-
tatively well reproduced for the shortened cycles experiment and the
experiment with a DO of 1 g O2. m−3. The values of the oﬀ-gas N2O
proﬁle of the DO=0.6 g O2. m−3 and the normal cycle were under-
predicted. The total N2O emission from the target normal cycle (day 17)
was 5351 g N (based on experimental data), whereas the simulations
only predicted 2631 g N, which is less than half.
Table 2 compares the simulated N2O formation rates under aerobic
and anoxic conditions with those calculated from experimental data as
described in Mampaey et al. [29]. The aerobic N2O formation rate was
underpredicted in the simulations, which was most pronounced in the
case of the target normal cycle on day 17. However, underestimation of
the aerobic N2O formation rate was not the main cause of the under-
prediction of the EF, given that the aerobic conditions only contributed
for 34% to the total N2O emission [29]. For the remaining normal cy-
cles, the simulated aerobic N2O formation was closer to the experi-
mentally measured value. Overall, the simulated aerobic N2O forma-
tion, related to AOB direct, AOB indirect and heterotrophic pathway,
accounted for an emission factor of 1.2% (for the whole period from
day 6 on), which was comparable to the experimental data of normal
operating cycles [29].
The anoxic formation rate was underpredicted by 42% for the target
normal cycle, which was the main cause for the lower oﬀ-gas N2O
proﬁles. Possible reasons for the inability to quantitatively predict the
N2O emissions are: (i) an increased BOD concentration in the feed or (ii)
changes in microbial parameters due to microbial community
dynamics. The inﬂuent biodegradable organic carbon content of 100 g
BOD.m−3, as indicated by weekly BOD measurements, was assumed to
remain constant. In case this concentration would have doubled, the
increased anoxic N2O formation could be fully explained by incomplete
heterotrophic denitriﬁcation.
Further study is needed before N2O production models can be ap-
plied to predict N2O emissions from partial nitritation systems – or at
least caution is required when doing so. The questions remains whether
N2O production models will ever have a quantitative prediction ability.
This study clearly showed that the two AOB pathways and the het-
erotrophic denitriﬁcation pathways all play a signiﬁcant role in N2O
production from partial nitritation reactors. Further research, per-
forming model calibration and validation to more experimental data-
sets will allow the identiﬁcation of model parameters (in particular
qAOB,N2O,NN, qAOB,N2O,ND, KI, O,AOB and KI, O,HET) and the relative con-
tributions of pathways. To this end, experimental data is needed for
various dynamic conditions: aerobic – at various oxygen concentrations
- and completely anoxic, for diﬀerent nitrite concentrations, et cetera.
Transferability of the results to other process conditions and to other
(partial) nitritation reactors clearly is the most challenging issue.
Nevertheless, even when N2O production models do not have a quan-
titative prediction capacity, they remain most useful for process eva-
luation and the identiﬁcation of pathways and inﬂuencing factors, di-
rectly leading to control strategies for N2O emission reduction.
Overall, this study demonstrates the potential and the limitations of
mathematical models for describing and predicting N2O emissions.
Figure A.5 summarizes the followed approach, and the main research
ﬁndings, to serve in future (simulation) studies.
4. Conclusions
• The behaviour of a full-scale partial nitritation reactor in terms of
ammonium conversion, nitrite concentrations and pH proﬁle was
well described through a dynamic simulation model. This ﬁt was not
inﬂuenced by including N2O formation and emission.
• The oﬀ-gas N2O proﬁle, which is caused by accumulation and
stripping of dissolved N2O could be reproduced in a qualitative way.
The NO proﬁle was also qualitatively reproduced.
• Modelling and simulation are powerful tools to identify the N2O
formation pathways. AOB were the main contributors to N2O for-
mation, under aerobic as well as anoxic conditions. Under aerobic
conditions, most N2O was formed through the AOB direct pathway
while under anoxic conditions both heterotrophic denitriﬁcation
and the AOB indirect pathway (autotrophic denitriﬁcation) caused
N2O formation.
• Comparison between simulation results and experimental data al-
lowed model structure identiﬁcation. Indeed, simulations revealed
the need to include an O2 inhibition term in the reaction kinetics of
the AOB indirect N2O formation pathway, not to overestimate the
contribution of this pathway under aerobic conditions. NH2OH had
to be included as a state variable to describe potential N2O forma-
tion by AOB under anoxic conditions (through the AOB indirect
pathway).
• Quantitative prediction of N2O emissions from this full-scale in-
stallation with models was not (yet) feasible. The simulated N2O
emission factor was 3% while it was 3.7% based on measured data.
This under-prediction was mainly due to an underestimation (by
42%) of the anoxic N2O formation rate during the week after model
calibration.
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